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Received October 6, 2010 . Accepted March 16, 2011 . Available online April 8, 2011 . Published May 16, 2011. Ischemia-reperfusion injury is caused by an abrupt restoration of the circulation after a prolonged ischemic insult and can result in significant morbidity after reconstructive surgery. Limb ischemia-reperfusion injury may be associated with both local and systemic proinflammatory responses, which can adversely affect patient outcomes. Limb ischemia-reperfusion injury has been observed in many clinical situations, including atherosclerosis, thrombosis or injury to the large vessels of the extremities, severe crush injuries, and surgery (1) (2) (3) . Limb ischemia-reperfusion injury can lead to limb edema, skeletal muscle dysfunction, and necrosis and may progress to dysfunction and structural damage of other organs, such as the heart, lungs, brain, and small intestines (4, 5) . Therefore, protection against limb ischemia-reperfusion injury has become an important focus of clinical research.
Ischemic post-conditioning, i.e., short periods of ischemia in remote vessels or distant organs, has been used to protect the myocardium from injury due to coronary artery occlusion-reperfusion (6) (7) (8) . Studies have confirmed that ischemia post-conditioning may provide functional protection to the ischemic organ itself or to other organ systems, including skeletal muscles, from ischemia-reperfusion injury (9-12). However, to date, no reports on the protective effects of ischemic post-conditioning against damage to the small intestines from limb ischemia-reperfusion injury have been published. In the present study, a simulated limb ischemiareperfusion injury rat model was used to determine whether ischemic post-conditioning can prevent or reduce small intestine damage caused by limb ischemia-reperfusion injury. Markers that reflect changes in the barrier function and mechanism of damage to the small intestinal mucosa of rats were examined, and the degree of damage to the
Animal model
After a 12-h preoperative fast, with free access to water only, the rats were exposed to 2% isoflurane until loss of the righting reflex, and then fixed onto a seat-board on the operating table.
The hind limbs of the rats were ligated with elastic rubber bands above the greater trochanter to completely block blood flow. Rats in group S (sham-operated group) were anesthetized, but did not undergo ligation. Rats in group LIR underwent ligation until the occurrence of complete ischemia of the lower limbs and the ligation was released after 3 h to restore blood flow to the hind limbs. Reperfusion was conducted for 1, 3, 6, 12, and 24 h (T2-T6). To test the protective effects of post-conditioning, group PC underwent 3 cycles of reperfusion followed by ischemia (each lasting 30 s) immediately after 177 min of ischemia of the two lower limbs, followed by reperfusion for 1, 3, 6, 12, and 24 h. After reperfusion, the rats were sacrificed under deep isoflurane anesthesia. Approximately 5 mL blood was drawn from the inferior vena cava and centrifuged at 495 g for 15 min to separate the serum, which was then stored at -20°C for further target detection. The small intestine (up to 5 cm from the ileocecal valve) was quickly removed and washed three times with normal saline. A 2-cm fragment of the small intestine was weighed and then placed in a vacuum oven, dried at 160°C for 48 h and weighed, and the small intestinal tissue wet to dry weight ratio (W/D ratio) of each group was calculated. Then, a 0.5-g fragment of the small intestine was ground in a glass homogenizer to prepare a tissue homogenate. After centrifugation at 680 g for 20 min, the resulting supernatant was diluted with normal saline and stored at -20°C for further target analysis. The remaining fragments of the small intestine were fixed in 10% formalin, embedded in paraffin, stained with hematoxylin and eosin, sectioned, and classified using Chiu's pathology grading system (13) after examination under a light microscope. The Chiu's pathology grading system consists of five grades based on changes in villi and glands of the intestinal mucosa: grade 0, normal mucosal villi; grade 1, development of subepithelial Gruenhagen's space, usually at the apex of the villus, often with capillary congestion; grade 2, extension of the space with moderate lifting of the epithelial layer from the lamina propria; grade 3, massive epithelial lifting with a few denuded villi; grade 4, denuded villi with exposed capillaries; grade 5, disintegration of the lamina propria, and hemorrhage.
Changes in the barrier functions and of the mechanism of damage to the small intestinal mucosa
Plasma endotoxin concentrations were estimated using a quantitative chromogenic substrate assay (Xiamen TAL Experimental Plant Co., Ltd., China). Diamine oxidase (DAO) concentrations in the serum and small intestinal tissue of the rats were measured using a spectrophotometer with an automatic biochemical analyzer (Olympus -AU5400, Japan; provided by the Nanjing Jiancheng Bioengineering Institute, China). Superoxide dismutase (SOD), malondialdehyde (MDA), and myeloperoxidase (MPO) activity in the rat small intestinal tissue were measured by colorimetry (Nanjing Jiancheng Bioengineering Institute). Serum tumor necrosis factor-α (TNF-α) and interleukin-10 (IL-10) concentrations were measured by enzyme-linked immunosorbent assay (Wuhan Booster Biological Technology, Ltd., China).
Statistical analysis
Data are reported as means ± SD. One-way analysis of variance (ANOVA) was used to determine statistically significant differences between groups using SPSS version 17.0 for Windows (SPSS Inc., USA).
Results

Pathological changes in the rat small intestine
The microstructure of the small intestine of group S was normal. The small intestinal tissue of groups LIR and PC showed varying degrees of pathological changes, but the damage in group PC was less than that seen in group LIR at T3 to T6 (P < 0.05). Chiu's pathology grading scores corresponding to the changes in reperfusion times are shown in Table 1 . In the LIR and PC groups, pathological damage gradually increased with reperfusion time, peaking at T4, and then decreasing.
Changes in the barrier function and damage mechanism of the small intestinal mucosa
In the LIR and PC groups, serum DAO and plasma endotoxin concentrations increased at all reperfusion times (T1-T6) compared to group S (P < 0.05), whereas tissue DAO concentrations decreased (P < 0.05). Compared with times T2 to T6 for the LIR group, the tissue DAO activity of group PC increased (P < 0.05), and the serum DAO activity and plasma endotoxin concentration decreased (P < 0.05). Compared to other reperfusion times for groups LIR and PC, tissue and serum DAO activity as well as plasma endotoxin concentrations reached peak values at reperfusion time T4 (P < 0.05) for comparison to other time (Figure 1 In the LIR and PC groups, small intestinal tissue W/D ratio, MPO and MDA activity and serum IL-10 (at T1-T6) and TNF-α (at T1-T4) concentrations were higher than those in group S (P < 0.05), and tissue SOD activity at T1 to T6 was lower (P < 0.05). Tissue SOD activity at T2 to T6 and serum IL-10 at T2 to T5 were significantly higher in the PC group than in the LIR Figure 1 . Effect of limb ischemia and reperfusion on intestinal tissue diamine oxidase (DAO), serum DAO and plasma endotoxin concentrations in the rat. Group S: sham-operated group; group LIR: limb ischemia-reperfusion group, and group PC: post-conditioning group. Data are reported as means ± SD for 6 rats in each group. Reperfusion time: T1 = immediate (0 h); T2 = 1 h; T3 = 3 h; T4 = 6 h; T5 = 12 h, and T6 = 24 h. a P < 0.05 vs group S; b P < 0.05 vs group LIR; c P < 0.05 vs T1; d P < 0.05 vs T2; e P < 0.05 vs T3; f P < 0.05 vs T4; g P < 0.05 vs T5 (one-way ANOVA). group (P < 0.05); however, tissue MPO activity and W/D ratio at T3 to T6 and tissue MDA concentrations at T2 to T6, as well as serum TNF-α concentrations at T2 and T4 decreased (P < 0.05). Tissue MDA concentrations, W/D ratio, SOD and MPO activity reached peak values at T4 (P < 0.05) in the LIR and PC groups. Serum TNF-α concentrations reached a peak at T2 (P < 0.05). After T2, serum TNF-α concentration gradually decreased and reached the same concentration as group S at T5 and T6 (P ≥ 0.05). Concentrations of IL-10 were highest at T3 (P < 0.05). Even at times T4 and T5, serum IL-10 concentration remained relatively high (Figure 2 ).
Figure 2. Effect of limb ischemia and reperfusion on superoxide dismutase (SOD), myeloperoxidase (MPO), malondialdehyde (MDA)
concentrations and wet to dry weight ratio (W/D ratio) of small intestinal tissue, serum interleukin-10 (IL-10), and tumor necrosis factor-α (TNF-α) with repefusion times in the rat groups. Group S: sham-operated group; group LIR: limb ischemia-reperfusion group, and group PC: post-conditioning group. Reperfusion time: T1 = immediate (0 h); T2 = 1 h; T3 = 3 h; T4 = 6 h; T5 = 12 h, and T6 = 24 h. Data are reported as means ± SD for 6 rats in each group. a P < 0.05 vs group S; b P < 0.05 vs group LIR; c P < 0.05 vs T1; d P < 0.05 vs T2; e P < 0.05 vs T3; f P < 0.05 vs T4; g P < 0.05 vs T5 (one-way ANOVA). 
Discussion
Ischemia-reperfusion injury of the gastrointestinal tract not only causes damage to the function of the gastrointestinal tract, but may also be a factor in the development of multiple organ dysfunction syndrome (MODS) associated with reperfusion injury (14, 15) . The results of the current study showed that at different times of reperfusion following limb ischemia, when varying degrees of small intestinal mucosal damage occurred, the small intestinal tissue DAO activity -which has been a major indicator of the integrity and functional mass of the intestinal mucosa (16) -was lower in the LIR group than in the S group (the sham-operated group). However, the serum DAO concentrations were significantly higher, indicating that the mucous membrane barrier of the rat small intestine was destroyed and gut permeability changed, leading to a release of intestinal DAO into the bloodstream. Diamine oxidase is an enzyme primarily synthesized in gastrointestinal mucosal cells and closely reflects the maturity and integrity of the gastrointestinal mucosa (17, 18) .
Plasma endotoxin concentrations were higher in the LIR group than in the S group. When intestinal mucosal integrity is disrupted following shock, burns, abdominal aortic surgery, liver disease, or ischemia-reperfusion injury, an increase occurs in intestinal permeability and translocation of bacterial endotoxin, as well as in plasma endotoxin (19, 20) . When the intestinal barrier is injured by lower limb ischemia-reperfusion, gastrointestinal endotoxins may enter the extraintestinal tissues and produce free radicals and cytokines that may potentiate the development of MODS (21, 22) .
Limb ischemia-reperfusion injury, leading to changes in the permeability of the intestinal mucosa, may be closely related to the production of excess oxygen free radicals (15, 16, 23, 24) . The production of reactive oxygen metabolites during ischemia-reperfusion involves oxidases found in resident phagocytic cells as well as microvascular and mucosal epithelial cells (25) . In the present study, the small intestinal tissue SOD activity of group LIR during reperfusion was lower than that of group S, but the small intestinal tissue MPO activity and MDA concentrations were higher. This suggests that an increase in oxygen free radicals and lipid peroxidation occurs, resulting in changes in the pathophysiology of the intestinal mucosa with mucosal epithelial damage, edema, and activation of immuno-inflammatory cells. SOD is a key enzyme that eliminates free radicals by converting superoxide anions to hydrogen peroxide, which is then removed by glutathione peroxidase and catalase. Large numbers of oxygen free radicals are generated during periods of ischemia followed by reperfusion, leading to excessive SOD consumption (26) . In contrast, MPO is released upon activation to catalyze the formation of oxidants, can lead to tissue damage during chronic inflammation, and serves as a major enzymatic catalyst of lipid peroxidation at the site of inflammation (27) . MDA is a naturally occurring product of lipid peroxidation and prostaglandin biosynthesis that is mutagenic and carcinogenic. In the present study, we determined MDA in order to estimate lipid peroxidation in damaged tissue.
Many researchers believed ischemic post-conditioning to have a protective effect on cardiac tissue against ischemiareperfusion injury by inhibiting myocardial injury and reducing myocardial infarct size (6, 28) . In recent years, studies on the mechanism by which post-conditioning protected other organs against ischemia-reperfusion injury have increased.
In cerebral ischemia, hypoxia-inducible factor-1α expression and its target genes, erythropoietin and adrenomedullin, are increased by hypoxic post-conditioning (10), and MPO activity and expressions of IL-1β, TNF-α, and intercellular adhesion molecule-1 (ICAM-1) are also decreased by postconditioning (29) . Serviddio et al. (11) observed that postconditioning may reduce impairment of the mitochondrial respiratory chain, mitochondrial peroxide production, and protein damage in renal ischemia-reperfusion injury. Postconditioning also decreased inflammatory cell infiltration, MPO activity, and wet-weight of post-conditioned muscle in digitorum longus skeletal muscle ischemia-reperfusion injury (12) . In the present study, ischemic post-conditioning significantly reduced the pathological damage to the small intestine caused by lower limb ischemia-reperfusion injury. Although this damage was inevitable, the small intestinal injury in the PC group was less severe than that of the LIR group. During ischemia-reperfusion, the injured tissues (the ischemic tissue itself as well as remote organs) release a large number of inflammatory cytokines, including rapidly produced TNF-α; inflammatory cells accumulate and intestinal inflammatory damage occurs (30) (31) (32) . IL-10 modulates pro-inflammatory cytokine production and tissue injury following ischemia-reperfusion injury. The exogenous administration of IL-10 produced an effect associated with the inhibition of cytokine production and neutrophil accumulation in a rodent model of intestinal reperfusion injury (33, 34) . Ischemic post-conditioning can effectively lower the serum concentrations of DAO, TNF-α, and plasma endotoxin, but may promote the production of the anti-inflammatory factor IL-10. The present results show decreases in serum concentrations of TNF-α and increases in IL-10, either as consequences of intestinal tissue improvement or systemic repercussions of post-conditioning, which stimulate limb ischemia tissue in an action probably mediated by nitric oxide (35) . A high concentration of IL-10 entering the blood circulation can inhibit overproduction of oxygen free radicals and inflammatory factor TNF-α, which induce the intestinal injury, and, in turn, effectively lower the blood concentrations of DAO and endotoxin, which increase the inflammatory response. At the same time, IL-10 might increase SOD activity and reduce both MPO activity and MDA concentrations.
Ischemic post-conditioning can improve the small intestinal mucosal injury induced by lower limb ischemiareperfusion injury. It increases SOD activity to scavenge oxygen free radicals, reduces the production of the inflammatory cytokine TNF-α, and increases the production of the anti-inflammatory factor IL-10. The attenuating action of ischemic post-conditioning on ischemia-reperfusion injury may be controlled by several mechanisms, which require further investigation. Based on the findings of the present study, ischemic post-conditioning may have clinical relevance for patients in intensive care units.
